One sentence summary: Forest-to-pasture conversion in Amazon soils affects microbial communities. However, community functionality presented signs of resilience and recovery more quickly than taxonomy after pasture abandonment and re-establishment of secondary forest.
INTRODUCTION
The Amazon rainforest is considered the largest hotspot of biodiversity on Earth, hosting a high diversity of plants, animals and microorganisms (Lewinsohn and Prado 2005; Navarrete et al. 2015) . The Amazon rainforest also performs a wide variety of ecosystem services, including carbon sequestration, maintenance of freshwater supplies, control of temperature and precipitation, and the stabilization of biogeochemical processes (Davidson et al. 2012; Paula et al. 2014) . However, over the last 40 years the rainforest has been under constant threat of destruction by anthropogenic activities (Paula et al. 2014) . The expansion of cattle pasture and agriculture led to deforestation of large areas in the Amazon region (Soares-Filho et al. 2006; Mendes et al. 2015a) . It is estimated that the forest has already lost˜17% of its original cover (Rodrigues et al. 2016) , and more than half of this deforested area has been converted into pastures (Nepstad et al. 2014) .
Forest-to-pasture conversion in the Amazon region typically occurs through a process of selective logging of valuable timber, followed by burning of the remaining vegetation and seeding of grasses (Urochloa genera) to establish pastures for cattle ranching (Navarrete et al. 2015; Meyer et al. 2017) . In the short term, this process helps to increase pH and nutrient availability in the soil, supporting pasture formation and the initial biomass production (Melo et al. 2017) . However, in the long term, slash-andburning of tropical forests followed by mismanagement of pastures impacts the soil's physical, chemical and biological properties (Ferreira et al. 2016) . These practices cause progressive disturbances in the soil, leading to an increase of erosion, changes in organic matter, C and N content, and shifts in soil moisture and microbial communities (Araujo et al. 2013; Mendes et al. 2015a; Ferreira et al. 2016) .
Besides these disturbances, other studies have shown that land-use change can cause biodiversity losses of animals (Cardinale et al. 2012) and plants (Feeley and Silman 2009) . Furthermore, with the recent advance of culture-independent methods (i.e. next-generation DNA sequencing), studies have shown that microbial diversity losses may also occur in tropical forests converted to pastures (Jesus et al. 2009; Rodrigues et al. 2013; Paula et al. 2014) . These microbiological studies have shown that the land-use change can affect soil microbial communities by altering their structure and composition. However, there is still little information about the effects of land-use change on microbial diversity and its consequence on ecosystem functioning (Mendes et al. 2015a; Leindiger et al. 2017) . So far, only a few studies have shown that land use can alter both the diversity and functionality of soil microorganisms, resulting in loss of species and microbial functions (Navarrete et al. 2015; Mendes et al. 2015b) . In many cases, it is difficult to assess the functionality of soil microorganisms due to functional redundancy. This is because different microbial species may have the same function in the ecosystem, and a loss of one or more species does not necessarily alter ecosystem functioning (Philippot et al. 2013) . In this manner, it becomes important not only to focus on the taxonomic composition but also on functional traits and the relationship between microbial communities and external drivers, such as environmental factors (i.e. soil physicochemical properties) (Langenheder et al. 2010; Mendes et al. 2015b) .
In this work, we evaluated the impacts of land-use change on the taxonomic and potential functional composition, diversity and structure of microbial communities. We used a DNA metagenomic sequencing approach to assess soil microbial communities of three land uses, namely primary forest, pasture and secondary forest in the Amazon region in both wet and dry seasons. Here, we hypothesize that both taxonomic and functional potential structures of microbial communities vary across different land uses and seasons. However, we predict that microbial communities will show some resilience and return to pre-disturbance community structure and functionality when pasture is abandoned, allowing the natural recovery of the secondary forest. In order to test these hypotheses, we addressed four basic questions: (i) How are the taxonomic and potential functional diversities of microbial communities altered by landuse change? (ii) What are the dominant groups in each land-use system? (iii) What are the core potential functions predominant in each land-use system? (iv) What are the main soil physicochemical properties that drive microbial community assembly?
MATERIAL AND METHODS

Site description and soil collection
Soil samples were collected at the Tapajós National Forest and its adjacent areas in the Belterra municipality, in the State of Pará, Brazil (Supplementary Fig. S1 ). The sampling areas were selected according to land use as follows: Primary Forest (PF -2
• 51'23.9'S, 54
• 57'28.4'W), a well-preserved PF with no signs of logging or previous fire regimes; Pasture (PA -3
• 07'52.9'S,
54
• 57'28.1'W), an area being used for cattle production; and Sec- 
Soil physicochemical analysis
Soil chemical properties were determined for each sample based on 500 g of soil, whereas soil physical properties were determined for each sample based on undisturbed soil core. 
Annotation of metagenomic data and analysis
Raw sequences were sorted based on assigned barcodes, followed by filtering to discard sequences with low-quality bases (quality score <20) under default parameters using HiSeq software (Illumina). The remaining paired-end sequences were initially assembled (R1 and R2) using PEAR (Zhang et al. 2014 ) and the remaining not-merged reads R1 were included within the output. Sequences <50 nucleotides length and under Q20 were removed. Paired-end DNA sequences were annotated with Metagenomics Rapid Annotation Server (MG-RAST) pipeline version 4 (Meyer et al. 2008) . The taxonomic and potential functional profiles were assessed using Refseq (O'Leary et al. 2016) and SEED (Aziz et al. 2008 ) databases, respectively (default parameters, maximum E-value cutoff of E < 1 × 10 −5 ; minimal identity cutoff of 60%; and minimum alignment length of 15 bp). Once the data matrices were generated, reads annotated as eukaryotes and viruses were manually removed from the table. For each metagenome library, the data was standardized using the proportion of reads of each taxon compared with the total. The shotgun metagenome data are available at MG-RAST under the project 'NSF-Dimensions: Amazon Biodiversity' (mgp83361).
Statistical analysis
All statistical analyses were performed comparing the land uses and seasonal effect. Data were presented together when the effect of season was negligible. The comparisons of soil physicochemical parameters were performed using R (R Development Core Team 2007). Data were checked for normal distribution (Shapiro-Wilks test) and homogeneity of variances (Levene's test) before data analysis. One-way ANOVA was used to determine the significance of the differences between sampling areas. The comparison of sites was based on Tukey post hoc tests for pairwise comparisons (P < 0.05). The normalized matrices from taxa (Refseq database) and potential metabolic pathways (potential functional-SEED database) generated from MG-RAST were used for downstream analyses. In order to identify the main environmental drivers of microbial taxonomic assembly and potential functional profile, we performed distance-based redundancy analysis (RDA) of Bray-Curtis dissimilarity matrices. Forward selection (FS) and the Monte Carlo permutation tests were applied with 1000 random permutations to verify the significance of soil physicochemical properties upon a microbial community. Additionally, we used permutational multivariate analysis of variance (PERMANOVA; Anderson 2001) to test whether sample categories harbored significantly different community structures. RDA plots were generated using the software Canoco 4.5 (Biometrics, Wageningen, The Netherlands) and PER-MANOVA using the PAST software, v.3.0 (Hammer, Harper and Ryan 2001) . Richness and Shannon's alpha-diversity were calculated based on the taxonomic richness matrix at the genus level and the potential functional matrix at subsystem level 3, using PAST software v.3.0.
To determine statistical differences among soil samples, the statistical analysis of metagenomic profiles (STAMP) software package was used (Parks and Beiko 2010) . A table of frequency of hits of taxa and potential functional profiles for each metagenome was generated from MG-RAST and used as input. P-values were calculated using the two-sided Welch's t test (Welch 1947) , and correction was made using the BenjaminiHochberg false discovery rate (Benjamini and Hochberg 1995) . Spearman's rank correlation coefficients were calculated to explore the relationship between relative abundance of microbial groups and physicochemical properties according to the different soil sites using the 'multitest' package in R (R Development Core Team 2007) and the correction was made using Benjamini-Hochberg false discovery rate.
In addition, network analyses were performed to assess the complexity of the interactions among microbial taxa in each land use. Non-random co-occurrence analyses were carried out using the Python module 'SparCC' (Friedman and Alm 2012) . For this, a table of frequency of hits affiliated at genus level was used for analysis. For each network, the SparCC correlations between microbial taxa were calculated and only strong (SparCC > 0.9 or < −0.9) and highly significant (P < 0.01) were selected. The nodes in the reconstructed network represent taxa at genus level, whereas the edges represent significantly positive or negative correlations between nodes. The network graphs were based on a set of measures, as number of nodes, number of edges, modularity, number of communities, average node connectivity, average path length, diameter and cumulative degree distribution. Networks visualization and properties measurements were calculated with the interactive platform Gephi (Bastian, Heymann and Jacomy 2009) .
RESULTS
Soil physicochemical characteristics
Land-use change resulted in several alterations in soil physicochemical properties (Supplementary Tables S1 and S2 ). In general, PF soil was characterized by higher N, Al, potential acidity (H+Al), CEC, macroporosity, total porosity, water-holding capacity (WHC) and clay content (P < 0.05). The change from PF to PA caused a significant increase in soil pH, base saturation (V%), EB, Ca, Mg and soil density (P < 0.05). No differences in the total C, C/N ratio, P, organic matter (OM) content and microporosity were observed across the land uses in both sampling periods (P > 0.05). After the abandonment of PA and the recovery of a SF, soil pH, V%, EB, Ca and Mg became similar to PF levels. When comparisons were performed between sampling periods, H+Al and Al concentration were higher for all land uses in the wet season (P < 0.05).
Microbial community structure
The redundancy analysis (RDA) was used to evaluate the taxonomic and potential functional structure of microbial communities and relate them to soil physicochemical properties of the sites (Fig. 1) . Regardless of the sampling period, samples were clustered according to the land-use system. The first and second axes of the plots explained >70% of the data variation. Primary forest, PA and SF were markedly different from each other, as confirmed by PERMANOVA for taxonomy (F = 19.75; P < 0.0001). In contrast, potential microbial functions in the PF and SF soils were very similar between each other and different from PA (F = 9.41, P < 0.0003). According to RDA followed by Monte Carlo analysis, Al (F = 23.56, P = 0.001), Al saturation (m%) (F = 23.03, P = 0.001) and WHC (F = 9.86, P = 0.001) showed significant correlation with general community structure.
Microbial community diversity and composition
The richness of genera did not differ across land uses in both sampling periods (P > 0.05). On the other hand, the taxonomic and potential functional diversity were altered after land-use change (P < 0.05). Higher taxonomic diversity was observed in PA soils compared with PF and SF soils in both sampling periods (Fig. 2) . Regarding the potential functional profile, PA and SF soils were characterized by the highest values of diversity compared with PF soil. Approximately 342 million of sequences were obtained from 24 soil samples using a DNA metagenomic sequencing approach. A list with the number of sequences generated per sample, as well as the number of hits to each database, is presented in Supplementary Table S3 . On average, 99.09% of the shotgun metagenome reads were assigned to prokaryotes with the majority assigned to Bacteria (98.14%) and a small fraction to Archaea (0.95%). Interestingly, the proportion of Archaea and Bacteria sequences were altered by land use, with a decreased proportion of Archaea in SF soil.
The microbial community was composed of 33 phyla with 28 belonging to Bacteria and five to Archaea (Fig. 3a) . Proteobacteria (44.61% of the total sequences) followed by Actinobacteria (31.27%), Acidobacteria (6.59%), Firmicutes (4.71%), Planctomycetes (2.28%), Chloroflexi (2.16%), Cyanobacteria (1.82%), Verrucomicrobia (1.73%) and Bacteroidetes (1.37%) were the most abundant phyla for all samples, and together represented >96% of the microbial community. The same patterns were observed when comparing samples collected in both seasons. When focusing on the most abundant phylum Proteobacteria, the dominant class was Alphaproteobacteria (59.5% of the sequences affiliated to Proteobacteria), followed by Betaproteobacteria (16.3%), Gammaproteobacteria (12.2%) and Deltaproteobacteria (11.3%), with clear differences among the three sites ( Supplementary Fig. S2 ). Lastly, the phylum abundance was very distinct among the land uses, with PF soils hosting a higher abundance of Thaumarchaeota and Crenarchaeota, whereas SF sites presented a high abundance of Proteobacteria. Pasture was the most distinct area, with 22 microbial groups with higher abundance in comparison to PF and SF, highlighting Firmicutes, Chloroflexi, Bacteroidetes, Deinococcus-Thermus and Chlorobi.
Microbial potential functional profile
Soil metagenomes were assigned to 28 different potential metabolic pathways (Fig. 3b) . Several categories were significantly altered after land-use change; however, no seasonal effects were observed. The most prevalent core of potential microbial functions in PF soils were related to N metabolism, 'cofactors, vitamins, prosthetic groups, pigments', secondary metabolism and clustering-based subsystems. Pasture soils hosted a higher abundance of sequences related to the metabolism of carbohydrates, amino acids and derivatives, nucleosides and nucleotides, and stress response (cell division and cell cycle, dormancy and sporulation, and 'motility and chemotaxis'). On the other hand, the SF soils presented a higher abundance of sequences affiliated to respiration, miscellaneous, 'cell wall and capsule', 'virulence, disease and defense', photosynthesis, metabolism of aromatic compounds and S metabolism.
Correlation between microbial community and soil properties
In order to analyze the correlation between individual microbial phyla and soil physicochemical properties we calculated all possible Spearman's rank correlations (Table 1 ). The soil factors that correlated with the most microbial phyla were Al (27 phyla in total), followed by base saturation (23), Al saturation (m%) (22), Mg (22), EB (21), H+Al (20) and soil pH (20). The phyla that correlated with the highest number of soil properties were Bacteroidetes and Fibrobacteres (13 factors in total), followed by Chlamydiae (12), Deferribacteres (12), Lentisphaerae (12), Spirochaetes (12), Chlorobi (11), Chrysiogenetes (11) and Fusobacteria (11).
Network structure of microbial community
We then used co-occurrence network analysis to investigate the complexity of connections in the microbial community of the different land-use systems (Fig. 4) . In general, PA showed the highest number of significant correlations (7025) in comparison with PF (3110) and SF (2136). All land uses presented a higher number of total positive correlations compared with the negative ones. The complexity of the network in the PA was evidently higher than those measured for the PF and SF (Supplementary Table S4 ). This is because the PA network presented a higher number of nodes (429) and edges (7025) and average degree (32.75). The correlations in PF were predominantly between Actinobacteria and Proteobacteria, with a high number of positive correlations between themselves. When PF was converted to PA, a change was observed in the network, with most of the correlations being among Proteobacteria, Firmicutes and Euryarchaeota. Lastly, after PA abandonment and SF establishment, co-occurring phyla were altered again, with more connections between Proteobacteria and Actinobacteria, similar to what was found for PF.
DISCUSSION
Microbial diversity has been recognized as an important factor that affects the functioning of soil ecosystems, and a drastic biodiversity alteration and loss could lead to negative effects on Diversity measurements of microbial communities in soils from primary forest, pasture and secondary forest for both the wet and dry sampling periods. Taxonomic diversity is based on genera level (Refseq database) and functional diversity is based on subsystem level 3 (Seed database). Error bars represent the standard deviation of four independent replicates. Different lower-case letters refer to significant differences between treatments based on Tukey's HSD test (P < 0.05). Network co-occurrence analysis of microbial communities of primary forest, pasture and secondary forest soil samples. A connection stands for SparCC correlation with magnitude > 0.9 (positive correlation-blue edges) or < −0.9 (negative correlation-red edges) and statistically significant (P < 0.01). Each node represents taxa affiliated at genus level and the size of node is proportional to the number of connections (that is, degree). Each node was labeled at phylum level.
the environment and sustainability . Similar to other studies performed in the Amazon region, our findings show that land-use change affects soil properties and microbial community dynamics (Jesus et al. 2009; Navarrete et al. 2015; Mendes et al. 2015a Mendes et al. , 2015b . Consistent with them, we observed that the slash-and-burning of natural vegetation and the establishment of PA leads to an increase in soil pH and the exchangeable cations (Mendes et al. 2015a; Melo et al. 2017) . Moreover, forest-to-pasture conversion causes changes in soil density, water content and availability of nutrients (Souza et al. 2016) . However, when PA is abandoned due to low productivity and mismanagement, SF is allowed to form and soil pH, Ca and Mg levels become similar to those observed in PF soil (Cenciani et al. 2009 ). Besides these differences, our data revealed that the microbial community structure was distinct across the three land-use systems. Conversely, the analysis of the potential functional profile clustered PF and SF together, being separated from PA. This result indicates that some potential functional traits might be recovered after PA abandonment with SF growth. In this manner, our finding is consistent with Paula et al. (2014) , who studied the effects of land-use change on the functional diversity of microorganism in Amazon rainforest soils. Those authors suggest that SF communities are in an intermediate stage between PF and PA, indicating a progressive re-establishment of 'forestlike' functions following PA abandonment.
Although several studies have recognized soil pH as the most important chemical property explaining the variation of microbial communities in soils (Mendes et al. 2015b; Lammel et al. 2018 ), we did not find a direct correlation between them. Despite that, we suggest that low soil pH in our studied areas may have an indirect effect on the microbial community structure. This indirect effect of pH, also known as the 'spillover effect', has been recently reported by Lammel et al. (2018) . According to the authors, pH has a strong influence on abiotic properties, such as nutrient availability and solubility of metals in the soils. In this sense, low soil pH in the forest sites increased Al disponibility, and thus influenced soil microbial community structure. On the other hand, higher values of pH in PA soil may have influenced Ca and Mg availability. Lastly, the effect of WHC on the microbial community structure can be explained by its direct influence on the water and nutrient availability (Uhlířová et al. 2005) . Studies have shown that land-use change alters soil water availability, which consequently affects microbial community composition and activity (Zhao et al. 2016) .
Overall, our data confirms that forest-to-pasture conversion leads to changes in microbial diversity, with PA presenting the highest taxonomic diversity compared with PF and SF (Rodrigues et al. 2013 ). We also observed that different landuse systems were characterized by distinct patterns of microbial abundance and potential functions. In general, PF samples hosted a high abundance of sequences affiliated to Thaumarchaeota and Crenarchaeota phyla. These microorganisms play an important role in N cycling and most of their members are involved in the ammonia oxidation process in acidic soils (Kerfahi et al. 2018) . Besides that, other studies have demonstrated that both phyla are predominant in tropical forest soils and that land-use change and soil management (i.e. increase in soil pH and N availability) could lead to a substantial decrease in the abundance of these microorganisms (Lu, Seuradge and Neufeld 2017) , as observed in the present study.
In PA soil, we observed an overrepresentation of sequences affiliated to Firmicutes and Chloroflexi. The high abundance of these phyla can be related to their preference for environments where C is highly available (Rodrigues et al. 2013) . In addition, Firmicutes and Chloroflexi members are also known to resist stressing conditions including daily temperature variation and desiccation (Battistuzzi and Hedges 2009 ), a common environmental characteristic of PA soils. Regarding the SF, we found an overrepresentation of sequences affiliated to Proteobacteria. This high abundance of Proteobacteria can be explained by the natural forest re-establishment. Thus, the change in plant community composition results in a more diverse environment (Gross, Pregitzer and Burton 1995) and creates favorable conditions for Proteobacteria. According to Kazakov et al. (2009) , in an environment with high plant diversity, these microorganisms are capable of thriving due to their versatile metabolism, which give them the advantage to explore different niches. Lastly, within Proteobacteria, SF presented a higher abundance of Alphaproteobacteria class compared with PA. Many studies have shown that Alphaproteobacteria members are involved in the breakdown and recycling of organic compounds and play an important role in S oxidation (Zhao et al. 2017) .
In recent years, metagenomic studies have provided a better understanding of soil microbial communities, allowing us to access not only the taxonomic profile, but also the potential metabolic pathways (Souza et al. 2016) , which is an important approach to define microbial response to environmental stresses. Interestingly, our data showed that PF presented the lowest values of functional diversity when compared with the other areas. Some studies suggest that in an environment in equilibrium, such as PF, ecosystem functioning is maintained based on low levels of diversity Araujo et al. 2018) . Contrary to that, environments under stress, such as degraded PA and SF under restoration, would present an increased diversity leading to a higher functional diversity and, consequently, the maintenance of essential ecosystem functions (Mendes et al. 2015b) .
Overall, PF presented a dominance of sequences related to N metabolism. According to Camenzind et al. (2017) , tropical forest soils are highly weathered and nutrient-impoverished. Therefore, its fertility is highly dependent on the cycling of a thin layer of organic matter associated with a large amount of plant litter material (Pajares and Bohannan 2016) . In this sense, microorganisms abundantly present in our PF soil (e.g. Thaumarchaeota and Crenarchaeota) may help in the mineralization process and contribute to N availability (Camenzind et al. 2017) .
The metagenomic analysis indicated that PA soil is under stress, as evidenced by the high abundance of sequences related to this functional category. This is a result of several environmental stresses that soil microorganisms are exposed in this area, including prolonged sunlight exposure at the soil surface, and variation of soil temperature throughout the day, which also explains the dominance of Firmicutes and Chloroflexi as stated above (Rodrigues et al. 2013) . We also found a high abundance of sequences assigned to metabolism of carbohydrates, which can be explained by the fact that land-use change followed by PA establishment leads to changes in soil C availability (Cerri et al. 2003; Kroeger et al. 2018) . Furthermore, the grass growth (Urochloa genera) has the potential of adding great amounts of C into the soil, due to continuous root exudation (Cerri et al. 2003; Cenciani et al. 2009) .
Secondary forest presented a dominance of sequences related to respiration and S metabolism. Studies have shown that soil respiration is an important indicator of soil health (Ashardiono and Cassim 2014) , and can be used as a complementary assay for microbial activity (Maurya et al. 2018) and soil functional recovery. Lastly, according to Gahan and Schmalenberger (2014) , >95% of the S present in the soil is in the organic form, and thus is not directly available to plants which rely upon microbial processes to increase its availability (Kertesz, Fellows and Schmalenberger 2007) . In this sense, many bacteria in soil are capable of mineralizing organic S including Comamonas, Enterobacter, Serratia, and Pseudomonas (Hummerjohann et al. 2000) . Interestingly, all these genera belong to Proteobacteria, the most abundant phylum in the SF (Supplementary Fig.  S3 ).
We then used network analysis in order to understand the microbial community dynamics and to compare the complexity of networks operating in the different land-use systems. Our data revealed that PA network was 2-and 3-fold more complex than PF and SF, respectively. The higher complexity and connectivity in PA could be a response to the many environmental stresses that soil microorganisms are exposed to in this area (Goss-Souza et al. 2017) . It has been suggested that stress conditions lead to an increase in taxonomic and functional diversity and, consequently, reflects a more complex ecological network . Although PA was more complex than the other sites, the modularity of the PF network was higher than PA and SF. The modularity is characterized by the presence of different groups of nodes with high numbers of interconnections (Newman 2006) . A modular network structure presents a more diverse functionality, increasing niche overlap (Poudel et al. 2016) . This network property reinforces the effect of landuse change on the microbial community dynamics, where taxonomic changes could lead to functional shifts in the ecosystem. The PA area could also be distinguished from PF and SF by the keystone species (depicted here as nodes with more betweenness centrality and correlations; Supplementary Table S5) that dominated the correlations within the community, composed by taxa belonging to Proteobacteria, Firmicutes and Euryarchaeota. Interestingly, the dominant groups in PF and SF networks belong to Actinobacteria and Proteobacteria.
Finally, given the effects of land-use change on the soil microbial community and its potential functions, we asked whether there are signs of resilience in the microbial community in our studied areas. Our study, although limited, indicates that restoration of the microbial community is underway after 15 years of natural re-establishment of a SF. We noticed that PA abandonment has led to a more similar structure between the forest sites, with the potential functional profile being more similar than the taxonomic. More specifically, we observed a recovery of 18 out of 33 phyla, and 10 out of 28 functional categories, indicating a progressive re-establishment of 'forest-like' taxon and potential functions when comparing the two forest sites.
CONCLUSIONS
In this study we evaluated the effects of land-use change in Amazon rainforest by assessing the microbial community structure using metagenomic analysis. Our data demonstrated that land-use change in the Amazon region altered soil physicochemical properties and, consequently, shaped the microbial community structure. Taxonomic changes were followed by potential functional changes in the community; however, we observed that microbial community functionality presented signs of resilience and recovery after PA abandonment and re-establishment of SF, suggesting that biogeochemical processes may be recovered. Taken together, our findings provide an understanding of how microbial community structure and potential microbial functions are affected by land-use change in the Amazon region. Further studies are needed to better understand how the soil microbiome may be engineered for the development of a more sustainable agriculture and better restoration programs.
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